Techniques in advancing the capabilities of various nitrate detection methods: A review by Azmi, A. et al.
  
TECHNIQUES IN ADVANCING THE CAPABILITIES OF 
VARIOUS NITRATE DETECTION METHODS: A REVIEW 
 
Aizat Azmi, Ahmad Amsyar Azman, Sallehuddin Ibrahim, and Mohd Amri Md Yunus 
Innovative Engineering Research Alliance 
Control and Mechatronics Engineering Department 
Faculty of Electrical Engineering, UniversitiTeknologi Malaysia 
81310 Johor Bahru, Johor, Malaysia 
Emails: amri@fke.utm.my 
 
 
 Submitted: Feb. 4, 2017                 Accepted: Apr. 15, 2017                   Published: June 1, 2017 
 
 
Abstract- Strategies to facilitate detection enhancement in various methods of nitrate detection are 
presented in this paper. The main nitrate detection methods for the past 10 years will be reviewed 
according to their advantages and disadvantages, followed by a focus on the techniques on increasing 
detection capabilities. For each detection method, an investigation of the technique of improvement is 
carried out. The utilisation of advance material such as membranes, reduction agents etc. is also 
identified as the key aspect for system improvement. Many researchers in the field of potentiometry, 
electrochemical, and biosensors have focused on miniaturising their detection systems to enhance the 
capability of nitrate in-situ measurement. The performance of miniaturised sensor systems is 
comparable to that of conventional systems. 
 
Index terms: Nitrate; Selective Membrane; Planar Electromagnetic Sensor; Review and Detection 
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I. INTRODUCTION 
 
Living organisms need water for survival. Water pollution is due to the presence of pollutants 
such as nitrate, phosphate, and heavy metal ions. The World Health Organisation (WHO) has 
restricted the allowable level of nitrate in drinking water at most 10 mg/L. Nitrate ions are an 
important and commonly occurring nitrogen species in the environment. Nitrate intake (at low 
concentrations) has several positive aspects such as improving blood flow, reducing blood 
pressure, cardio, and vasoprotective effect. However, there are many consequences on human 
health due to consuming high concentrations of nitrate, particularly in drinking water, such as 
gastric cancer and Parkinson’s disease. Nitrate can trigger illness on infant such as “blue baby 
syndrome” or known as methemoglobinemia [1]. Meanwhile, in animal farming industries, 
nitrate poisoning can lead to livestock abortions and low dairy yields. Hence, it could result in 
large losses to farmers. Nitrate in aquatic system stimulates the production of algae and 
phytoplankton. Overproduction of algae and phytoplankton leads to eutrophication, where the 
growth of algae and phytoplankton explodes in polluted water. Much oxygen is required for 
decomposition process of algae and phytoplankton when they die. Therefore, aquatic life suffers 
and finally dies. The source of nitrate basically comes from anthropogenic activities such as 
industry, agriculture, sewage, livestock, and discharge of domestic wastewater, which raised the 
level of toxic contaminants in water [2]. The future direction of ion nitrate detection enhancement 
capabilities can be reviewed from the perspective of selectivity membranes or materials, sensor 
design and configuration, electrode materials, bonding improvement between membrane and 
electrodes, and minimising the environmental impact. 
Presently, membrane technology has received great attention for pollutant removal in water. The 
characteristics of the membrane, such as high adsorption capacities and low cost, make it suitable 
to be integrated into sensor technology to enhance the selectivity towards targeted ions [3]. The 
selection of membrane material is crucial in order to produce a highly selective system. Many 
studies have proposed several types of membrane in the nitrate ion detection system. The material 
that is used as a membrane is modified silica polymer dope, dopedpolypyrrole, zinc (||) 
complexpolymeric membrane [4], and trihexyltetradecyl-phosphonium chloride polymeric 
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membrane [5]. Currently, research on the improvement and innovation of membranes for 
pollutant detection is still ongoing. 
Another aspect that can be improved in the nitrate detection system is the bonding condition 
between membrane and electrodes when it comes to the sensor that is associated with membrane 
technology. Generally, bonding condition will determine the performance of the sensor, 
especially the selectivity towards the targeted ions. Furthermore, weak bonding conditions make 
the sensor non-durable for long usage. In all instances, dip coating is a technique that is 
introduced to attach the membrane onto the electrode surface [3]. This technique provides a 
strong bonding condition with homogeneous coated surface. The advantage of this technique is 
that the thickness of the membrane can be controlled by adjusting the coating speed. Hence, the 
dip coating technique is crucial to be used as the alternative to obtain a strong bonding condition 
and smooth coating surface. 
Currently, many sensor designs that utilise electrodes reconfiguration have been introduced for 
environmental monitoring. Such sensors are electromagnetic sensors based on meander and 
interdigital sensors. Modelling and design optimisation of the sensors help to improve their 
sensitivity. For example, the inductance of an electromagnetic sensor is highly dependent on the 
dimension of the outer and inner diameters of the meander sensor. Hence, the total impedances of 
the electromagnetic sensor will change according to the sensor configuration and therefore lead to 
sensitivity changes. As a result, many workers have invented new configurations of sensors with 
high sensitivity [6,7]. 
Various types of materials have been used as the sensing element for environmental monitoring. 
Among them are copper [6], gold [8], silver [9], and platinum [10]. Generally, these materials 
exhibit good conductivity. Among these materials, the gold-based electrode sensor is a popular 
choice for pollutant detection as it has the ability to attract nitrate ions [6]. Hence, it increases 
sensor selectivity. Furthermore, gold-based sensors can solve the corrosion issue facing copper-
based sensors, as gold is an anti-corrosion material. 
Environmental impacts such as temperature, vibration, other pollutants’/ions’ presence in the 
analyte etc., will affect the measurement precision. This environmental impact may come from 
natural sources or via industrial and experimental waste. Therefore, it is crucial to control the 
measurement conditions in order to obtain reliable data. Several methods have been introduced to 
overcome this problem. These can be achieved by using reducing agents and miniaturisation of 
INTERNATIONAL JOURNAL ON SMART SENSING AND INTELLIGENT SYSTEMS VOL. 10, NO. 2, JUNE  2017 
225
the sensor system. Reducing agents have been introduced for noise suppression. Hence, it 
improved the measurement precision. Meanwhile, miniaturisation of the sensor system such as 
lab-on-chip (LOC) is an alternative method to reduce the amount of sample used for 
measurement. Therefore, a less hazardous element of the sample or experimental waste would be 
released into the environment. Furthermore, the LOC concept provides advantages such as fewer 
by-products and becoming easier to manage. In this paper, the overall objective is to review the 
current technology of nitrate ion detection, with an emphasis on capability enhancement. This 
paper provides a representative survey of the scientific literature, such as strategies to facilitate 
detection enhancement in various methods of nitrate detection. 
 
II. CONVENTIONAL DETECTION STRATEGIES 
 
Nitrate detection methods are classified into two types: direct and indirect methods [11]. Indirect 
methods reported in [6] are expensive as many components are required. Furthermore, the 
procedure for the measurement using indirect methods is complicated, requiring extra reagents. 
Among the examples of indirect methods are reduction of nitrate ions into ammonium, nitrite gas 
followed by gasometry [12], determination of nitrate via vadium (|||) chloride [13], 
spectrophotometric [14], and UV resonance Raman spectroscopy [15]. As reported in [12], most 
indirect methods are time-consuming, require control of the working/reaction condition, suffer 
from interference by other ions and are not feasible for small quantities of nitrate measurement. 
Meanwhile, direct methods such as biosensors [16], chromatography [17], and potentiometry [18] 
provide an economical method for detection. The most popular direct method is potentiometry 
[6,12]. Unfortunately, interference from contaminants in water that leads to measurement error is 
the problem faced by most direct methods [19]. An overview of advantages as well as 
disadvantages of the conventional methods for nitrate detection is provided in Table 1. 
 
Table 1: Overview of conventional methods for nitrate detection 
 
Detection methods Advantages Ref. Disadvantages Ref. 
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Potentiometry 
* Low cost 
* Simple monitoring 
instrument 
[12,18] 
* Measurement error due to 
interference from other 
contaminants 
[11] 
Electrochemical 
*Low cost 
*Simplicity 
* High sensitivity  and 
selectivity 
[9] 
* Kinetic charge transfer at 
electrode surface are low 
thus direct reduction of 
nitrate is characterised by 
poor sensitivity and 
reproducibility 
[26] 
Ion Chromatography 
*Short response time 
*Good reproducibility, 
*High sensitivity 
[17] 
* Low sample throughput 
and large scale equipment 
[2] 
Biosensor 
*Broad detection range, 
low limit of detection 
(LOD), highly stable 
system and high 
sensitivity 
[16] 
* Limitation of large sample 
size required 
[27] 
 
III. POTENTIOMETRY SYSTEM 
 
Potentiometry was introduced in late 1976 for nitrate ion detection in water. This system can be 
used as a direct detection method; thus it does not require any additional reagents. In the last 
decade, the field has undergone a renaissance, and the performance of ISEs has dramatically 
improved in terms of selectivity and detection limit. Many improvements have been made in 
order to improve the system performance. Such improvement of this system takes place by 
integration with ion-selective electrodes (ISEs). Hence, by using this system, the free ion 
concentration in water can be directly determined. The advantages of this technique are its low 
cost, non-destruction of sample, portable device, and the requirement of minimum sample pre-
treatment. Research of the potentiometry system has followed several avenues. Early work by 
Hassan [11] was concerned with organic nitrate ions and nitramine determination based on the 
reaction with mercury sulphuric acid mixture. Mendoza et. al. [20] characterised a 
nanobiocomposite as Ion Selective Electrodes (ISE) for nitrate ion determination in water. 
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Mahajan et. al. [4] developed a polymeric membrane by means of Zn (||) complex-based 
electrodes that work as anion carriers for nitrate anion determination in water. Li [21] and Nuñez 
[22] predict the nitrate contamination level in water based on an artificial neural network (ANN) 
algorithm. Table 2 summarises the potentiometry system with limit of detection (LOD). 
Meanwhile, Table 3 summarises the advantages and disadvantages of the system. 
 
Table 2: LOD of potentiometric system and types of working electrode and membranes 
 
Ref. 
Working electrode and 
membrane 
Reference 
electrode 
Limit of 
Detection 
(LOD) 
Nernstian 
slope 
(mV/dec) 
Application 
[12] 
Silver bis 
(bathophenanthroline and 
plasticized polyvinyl 
chloride) 
Ag/AgCl 0.05 μgm/L -55.1 0.1 
Nitrate detection in 
wastewater, fertiliser 
and pharmaceuticals 
[22] 
Graphite-epoxy and 
polyvinyl chloride 
Ag/AgCl 4.6 μmol/L -68.2 
Monitoring of 
photoelectrocatalytic 
treatment of nitrate 
[24] 
Nitrate polymeric, 
tetraoctylammonium 
nitrate, tris (2-ethylhexyl), 
polyvinyl chloride and 
tetrahydrofuran 
Ag/AgCl 9.56 mg/L -59.5 
Nitrate and potassium 
monitoring in water 
recycling process 
[18] 
Glassy carbon electrode 
(GCE) and nitrate doped 
polypyrole (PPy(NO3-)) 
Ag/AgCl 10-4.8 mol/L -55.1 1.1 
Soil macronutrient 
monitoring 
[18] 
Glassy carbon electrode 
(GCE), graphite and 
tetraoctylammonium 
nitrate 
Ag/AgCl 10-5.2 mol/L -57.4 0.8 
Soil macronutrient 
monitoring 
[20] 
Graphite-epoxy and 
chitosan/bentonite 
Ag/AgCl 2 10-4. M -54.6 
Nitrate determination 
in water 
[5] 
Platinum wire and 
trihexyltetradecylphosphon
ium chloride (THTDPCl) 
polymeric membrane 
Ag/AgCl 2.8 10-6. mol/L -60.1 
Nitrate determination 
in water 
[23] 
Graphite electrode and 
doped polypyrrole 
Silver wire 1 10-5. M -54-55 Nitrate determination 
[4] 
PVC, plasticiser, NaTPB 
and Zn(II) complex 
Ag/AgCl 1 10-5. M -55.16 
Selective 
determination of 
nitrate anion 
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Table 3: Advantages and disadvantages of potentiometry system 
 
Advantages Disadvantages 
*High sensitivity towards targeted ions [60,61]  
*Hardly pollutes environmental samples [21,62] 
*Simple fabrication procedure [12,23]  
*Simple monitoring instrument/in field 
detection [12,18,64]  
*Simple design architecture/construction 
[12,24]  
*Simple operation for direct determination of 
nitrate [18,61]  
*Mass production [12] 
*Fast response/feedback system 
[18,21,61,62,64]   
*High selectivity towards targeted ion [12,61]  
*Low-cost system [12,18,20,61]  
*Easy handling system for online/in-situ 
measurement [18,20,62]  
*Accurate measurement [20] 
*Poor repeatability system [1] 
*Maintenance for reconditioning and fresh 
solution is required after long period of 
detection [18] 
*Lack of selectivity  [63] 
*Large error caused by logarithmic 
response [65] 
*Measurement error due to interference from 
other contamination [2] 
*Temperature-dependent system [60] 
*Influence solution changes  [60] 
*Adsorption of solution components on 
membrane surface hence affect nature of charge 
transfer [3] 
*Need additional components such as IC for 
signal amplification as voltage potential 
depends on analyte concentration 
 
The use of a membrane helps the potentiometry system to be selective to nitrate ions and is one 
of the factors that affects the system’s limit of detection (LOD). Bendikov and Harmon [23] 
mentioned that doped polypyrrole (PPy(NO3
-
)) is a highly selective membrane in an ISE system 
for nitrate determination in water. They revealed that conductive polymer polypyrrole is widely 
used due to its high conductivity ability and it being relatively stable. As a result, Zhang et al. 
[18] took the initiative to apply doped polypyrrole as a sensitive membrane material for the 
potentiometry system. The polypyrrole could improve selectivity, simplify the recipe procedure, 
and reduce toxicity compared to the conventional non-porous polyvincyl chloride (PVC) ISE 
[18]. Moreover, this study successfully demonstrated that the use of carbon nanostructure 
materials between the membrane and the substrate layer in the electrode structure of 
potentiometric system could prevent the water formation that led to instability. Meanwhile, 
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Mahajan et. al.  [4] developed a polymeric membrane that was made of zinc (||) complex for 
selective nitrate determination in water. The finding demonstrates that the output of a 
potentiometry system using zinc (||) complex membrane exhibits better selectivity for nitrate ions 
than for other inorganic anions. They highlighted the advantages of zinc (||) complexes, such as 
stable detection reproducibility and being highly sensitive to nitrate. Wardak [5] developed an 
active membrane component using trihexyltetradecylphosphonium chloride (THTDPCl) for 
polymeric membrane. THTDPCl could enhance the PVC membrane sensitivity by reducing 
electrical resistance. 
The majority of potentiometric nitrate sensors that integrated either true-liquid or liquid 
polymeric membranes are bulky due to the tubular design with internal reference electrode and 
internal reference electrolyte solutions. Thus, a micro-fabricated planar potentiometric sensor was 
introduced [12,24]. The micro-scale sensor could provide several advantages such as small size, 
simple design, low cost and mass production. Various materials are introduced to produce a 
micro-scale potentiometric sensor chip. Such materials are screen-printed thick film, silicon 
transducer chip, silicon nitride base chip and metal printed flexible polyimide film. Current 
miniaturised micro scale sensors for nitrate detection demonstrate a good response towards 
nitrate ions. 
The miniaturisation of ISEs, while maintaining their selectivity and sensitivity, is a crucial step in 
the next phase of ISE evolution. Traditionally, in so-called coated-wire ISEs, the ion-selective 
membrane is placed directly on a solid electronically conductive support, thereby removing the 
need for an inner solution. However, in these devices, it was observed that the long-term potential 
stability was quite limited, and they were useful only in specific applications such as capillary 
electrophoresis or in flow-injection analysis. An important breakthrough in ISE design was 
achieved by the application of conducting polymers (CPs) as a solid contact layer, i.e. a 
mediating layer between the electronically conducting substrate and ionically conducting ISE 
membrane, which was possible due to the mixed conductivity of CPs. Various conductive 
polymers have been examined as possible internal contact materials that could simultaneously 
stabilise the overall electrode potential and remove the need for an inner filling solution. 
Basically, the conventional architecture of the system consists of two electrodes known as the 
working electrode and the reference electrode; a salt bridge, and a voltmeter. Figure 1(a) 
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illustrates the architecture of the conventional potentiometry system. Meanwhile Figure 1(b) 
illustrates that of the miniaturised potentiometry system. 
 
 
 
(a) (b) [27] 
Figure 1:  (a) Architecture of the conventional potentiometry system and (b) 
Miniaturised potentiometry system (1) ceramic layer; (2) epoxy-graphite 
composite and polymeric membrane; (3) microfluidic channel 
 
IV. ELECTROCHEMICAL SYSTEM 
 
The electrochemical detection of nitrate and nitrite can be divided into a number of categories. 
Fortunately, these can be broadly grouped within the distinctions of voltammetric and 
potentiometric systems. Electrochemical systems have the ability to convert the measurement of 
nitrite ions into the current signal, potential difference and impedance, respectively. In 
electrochemical systems, various types of electrode were introduced for nitrate detection. Such 
electrodes are copper, silver, platinum, Glassy carbon electrode (GCE), Graphite-epoxy and 
chitosan/bentonite, and Silver bis (bathophenanthroline and plasticized polyvinyl chloride). The 
material’s performance is evaluated by its sensitivity and LOD. Table 4 summarises the system 
performance based on different types of material. According to Table 4, different materials have 
affected the electrochemical system’s performance. 
The electrochemical method is widely used due to its high sensitivity to nitrate, simple operation, 
easy to miniaturise and low power-consumption. However, the conventional electrochemical cell 
is too massive to be a portable and durable device. Research into electrochemical systems for 
nitrate detection has followed several avenues [25–27]. This is due to the demand for portable 
devices for continuous monitoring of nitrate concentration in aqueous solutions. Hence, 
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analytical systems need to be highly miniaturised and sensitive enough to nitrate over long 
periods of time. The miniaturised analytical devices and their applications are an important topic 
in modern analytical chemistry. The portability of the miniaturised system can be used especially 
for applications outside the laboratory environment in order to overcome drawbacks of 
convention analytical procedures, which commonly involve the collection of a sample at one 
location and then a delay while the sample is sent to the laboratory, processed and analysed in the 
laboratory. Several researchers have developed a microfludic base associated with 
electrochemical sensors for miniaturisation and portable purposes [28–30]. This combination has 
promoted many advantages such as the small configuration of electrodes that can be integrated 
within a microfluidic platform, requiring a minimum instrumentation, small volume of sample, 
fast response time, and low cost. Moreover miniaturised electrochemical detection is reliable, 
selective, and highly sensitive to the measured sample. The current architecture of miniaturised 
electrochemical sensor is designed based on the planar form or flatten of structure. The 
performance of miniaturised electrochemical sensor demonstrated good LOD that is comparable 
to the conventional size of electrochemical system. Figure 2(a) illustrates the conventional 
electrochemical system architecture. Meanwhile, Figure 2(b) illustrates the miniaturised 
electrochemical system architecture. 
 
 
 
(a) (b) [39] 
Figure 2(a)  Architecture of conventional electrochemical system; and (b) Miniaturised 
electrochemical system 
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 In an electrochemical sensor system, sensitive materials are crucial in order to determine the 
presence of nitrate in the analyte solution. [29] categorised sensitive materials based on their 
properties: biocatalysts, organic conducting polymer and metal electrocatalysts. Metal catalysts 
such as copper, silver, and palladium offer enhancement in terms of sensitivity and selectivity for 
nitrate detection in analyte solution. Furthermore, the fabrication of metal catalysts is simple and 
reproducible. Hence, electrocatalysts have been widely used as sensitive materials. On the other 
hand, a conducting polymer dope such as polypyrrole is expensive and has to be stored in the 
dark during the polymerisation process, which has limited its application [26]. Moreover, 
biocatalysts such as nitrate reductase enzymes are too sophisticated to be used [30]. The selection 
of sensitive materials to be used in electrochemical system is one of the factors that affect the 
system’s LOD. Table 5 summarises the main advantages and disadvantages of electrochemical 
systems. 
 
Table 4: LOD of electrochemical/Amperometric/Voltametric system and types of working, 
counter and reference electrode and application 
 
Ref. 
Working electrode 
and membrane 
Counter 
electrode 
Reference 
electrode 
Limit of 
Detection 
(LOD) 
Application 
[56] 
Glassy carbon 
electrode (GCE) and 
polypyrrole-coated 
palladium 
nanoclusters 
Glassy carbon 
electrode (GCE) 
and polypyrrole-
coated 
palladium 
nanoclusters 
Glassy carbon 
electrode 
(GCE) and 
polypyrrole-
coated 
palladium 
nanoclusters 
0.7444–1.5117 
µM 
Nitrate detection 
at pH 7.0 
[29] 
Platinum deposited 
with copper layer 
Platinum 
deposited with 
copper layer 
Saturated 
calomel 
electrode 
(SCE) 
0.1 mg/L 
Total nitrogen 
(TN) 
determination in 
fresh water 
[30] 
Platinum deposited 
with copper layer 
Platinum 
deposited with 
Saturated 
calomel 
5 µmol/L 
Nitrate 
determination in 
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copper layer electrode 
(SCE) 
fresh water 
[28] 
Platinum 
microelectrode 
Planar platinum 
microelectrode 
Ag/AgCl 10 µmol/L 
Nitrate detection 
at pH 2.0 
[27] Glassy carbon Platinum wire Ag/AgCl 0.17 mM 
Nitrate 
measurement in 
phosphate buffer 
solution (PBS) at 
pH 7.5 
[66] 
PTFE-shrouded 
copper disk electrode 
Platinum wire Ag/AgCl 1.7–3.0 µM 
Nitrate 
determination in 
low concentration 
solution at pH 3 
[9] 
Silver (Ag)-
ultramicroelectrodes 
(UMEs) 
Platinum wire Ag/AgCl 3.2–5.1 µM 
Nitrate detection 
in real 
environmental 
water samples 
[67] 
Graphene modify 
copper electrode 
Platinum wire Ag/AgCl 10 µM 
Nitrate detection 
in alkaline media 
[68] 
Copper-micro 
electrode array 
Platinum wire Ag/AgCl 1.8 µmol/L 
Nitrate detection 
in water 
[69] Palladium electrode Copper electrode 
Saturated 
calomel 
electrode 
3.6 mg/L 
Nitrate ion 
monitoring in 
natural water 
[70] 
Carbon paste 
electrode (CPE) 
Pt-wire Ag/AgCl 0.009 µM 
Nitrate and nitrite 
analysis using 
microfluidic 
device 
[71] Copper wire Platinum wire Ag/AgCl 11 µM/L 
Nitrate 
determination in 
mineral water 
 
Table 5: Advantages and disadvantages of electrochemical/amperometric/voltametric system 
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Advantages Disadvantages 
* High sensitivity towards targeted ions 
[29,30,56,66,68,72]  
* Less power consumption during operation 
[28,30]  
* Simple operation for direct determination of 
nitrate [29,30,68]  
*High selectivity towards targeted ions [30,56]  
*Fast response/feedback system [66,67]  
*Suitable for in situ/on line analyses [30,66]  
*Viable approach for portable application as 
relatively simple [30,56]  
*Low-cost system [56,68]  
*Small and compact system [29,30]  
*Surface cumulative passivation effect [28] 
*Complicated programmed potential protocol for 
renewal of microelectrode surface/electrode re-
activation [28] 
*Extensive procedure for reagent preparation [27] 
*Measurement result is influenced by other 
contamination in analyte solution/samples  [26] 
*Tedious reagent preparation procedure [27] 
*Sensitive materials such as dope polypyrrole need to 
be stored in the dark during polymerisation [26,29]  
*Sensitive materials such as dope polypyrrole are 
expensive [29,30]  
*Sensitive materials such as nitrate reductase 
enzymes are too sophisticated to be field-deployable 
[29,30]  
*Interference of other ions in water such as chloride, 
sulphate and phosphate  [26] 
*Requirement of different types of material for the 
electrode in the system such as working, counter and 
reference electrode [27,67]  
 
V. CHROMATOGRAPHY SYSTEM 
 
Chromatography refers to a laboratory technique used for mixture separation specifically in 
chemical separation components where the anion or cation of the analyte sample is extracted 
based on the reaction with the eluent. The chromatography technique is very important in 
chemical analysis and bioanalysis. Several types of chromatography have been introduced for 
pollutant detection; namely, high-performance liquid chromatography (HPLC) [31], ionic 
chromatography [32], and ultra-performance liquid chromatography (UPLC) [33]. Ion 
chromatography is widely used to analyse nitrate in water [2,34]. . An ion chromatography 
system consists of solvent, solvent degasser, pump, injector, filter, pre-column heat exchanger, 
guard column, column, thermostatted compartment, post-column heat exchanger, electrolytic 
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suppressor and detector. Table 6 summarises the types, eluent, detector, LOD and application of 
chromatography system for nitrate detection. However, the system is expensive and bulky, which 
has restricted its application for in-situ measurement. Chromatography systems can be used with 
different types of detector to detect the presence of nitrate in an analyte solution. 
Chromatography detection systems include simple UV, fluorimetric, electron capture, 
electrochemical and mass spectroscopic [2,17,31-37]. The popularity of UV detection lies in the 
simplicity of the approach and the ability to attenuate the detection wavelength. The low 
absorbance of most inorganic ions helps to maintain a low background from which nitrite and 
nitrate can be resolved. However, the aromatic eluents typically used in anion exchange tend to 
give rise to high background UV absorbance, complicating the direct detection of nitrate/nitrite. 
An illustration of ion chromatography system architecture is shown in Figure 3. 
Many workers have introduced new methods in order to improve the system performance 
[31,34,37]. A novel method based on HPLC for nitrate and nitrite determination in water has 
been developed [31]. The method is simple, sensitive, and selective towards nitrate and nitrite 
ions. It is based on ion exchange separation and photochemical reaction. Niedzielski et al. [34] 
introduced a new method using ion chromatography for the simultaneous determination of 
inorganic nitrogen species such as nitrate, nitrite and ammonium ions in a water sample. This 
method proposes an ion exchange method for ion separation and an optical detection system for 
ion detection using UV-vis diode-array. Zuo et al. [37] developed a simple, fast, accurate and 
highly sensitive ion-pair HPLC method based on direct spectrophotometric detection for nitrate 
and nitrite ion determination in lake water. This method proposes spectrophotometric detection 
due to the ability of the detection to generate high selectivity and sensitivity for nitrate and nitrite 
measurement. 
Conventional chromatography systems are always bulky in size. Since microfluidic technology 
was introduced, many workers have applied this technology to miniaturise the chromatography 
system. Several detection methods have been applied to this miniaturised chromatography 
system. Such detection methods are UV detection, fluorescence, and electrochemical detection. 
The evolution of bulky chromatography systems to miniaturised systems has provided several 
advantages such as reduced system size, reduced analyte consumption, higher throughput, less 
time-consuming, and cheap mass production. However, no research has focused on nitrate 
detection using miniaturised chromatography. 
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Table 6: Chromatography types, eluent, detector, LOD and application 
 
Ref. 
Chromatography 
types 
Eluent Detector LOD Application 
[34] Ion chromatography Sodium chloride 
UV-vis diode 
array 
0.05 
mg/L 
Nitrate, nitrite and 
ammonium ion, 
detection in rain water 
samples 
[2] Ion chromatography 
Sodium 
hydroxide 
Amperometry 
and absorbance 
6 µg/L 
Nitrate and bromide 
detection in water 
[31] 
High-performance 
liquid 
chromatography 
(HPLC) 
Borate buffer (pH 
10.0) 
Luminolchemil
uminescence M 
Nitrite and nitrate 
determination in water 
[37] 
High-performance 
liquid 
chromatography 
(HPLC) 
Tetrabutylammon
ium hydroxide, 
sodium 
phosphate (pH 
3.9), and 
acetonitrile 
UV light 5 µg/L 
Nitrate and nitrite 
determination in dew, 
rain, snow and lake 
water samples 
[35] 
Liquid 
chromatography 
Toluene and 
sodium 
hydroxide 
Fluorescence 
0.3 
pg/L 
Low level of nitrate 
determination in 
biological, food and 
environmental 
monitoring 
 
Table 7: Advantages and disadvantages of chromatography system 
 
Advantages Disadvantages 
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* High sensitivity towards targeted ions 
[2,31,35,37]  
*High selectivity towards targeted ions 
[31,35]  
*Accurate measurement/analysis [2,37]   
*Fast nitrate determination/analysis 
[2,34,37]  
*Bulky and not portable [2,31,34]  
*Sample pre-treatment is required [2,31,36]  
*Expensive instrument 
 
VI. BIOSENSOR SYSTEM 
 
A biosensor is one of the direct methods used for nitrate detection in water. In a biosensor 
system, the concentration of targeted ion in an analyte solution can be determined by employing 
the biological material, detection system and signal conditioning circuit. The analyte solution is 
directly exposed to a biological material. The biological material interacts with the targeted ion in 
the analyte solution. Information on the interaction process is then translated into an electrical 
signal such as voltage or current by a detection system. The signal is harvested by the signal 
conditioning circuit in the biosensor system. The signal conditioning circuit such as a digital data 
acquisition system will recondition the acquired data before being analysed. The concentration of 
nitrate ion is estimated based on the output signal of the proposed detection system. 
Over the last decade, the miniaturisation of biosensor system has been carried out to characterise 
and quantify the bio molecules. The reduction size of the sensor system can promote lower 
material cost, lower the power consumption and the system weight. Hence, the biosensor system 
demand in the marketplace has increased. Businesses are measuring devices that incorporate a 
biological sensing element in conjunction with a transducer, yielding a useful signal for 
measurement and control. Biosensors also have been playing a major role in medicine, food 
safety, bioprocessing, environmental, and industrial monitoring. Interactions between biological 
systems and electronic systems are intended to achieve a new revolution in the life sciences and 
healthcare. In most biosensors and also chemical and gas sensors, the trace of detection reversible 
redox species should be implemented by using very small amounts of samples, to descend upon 
the nanolitre or picolitre range. Here, the conventional photolithography technique is used for the 
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fabrication of micro-gap electrodes on silicon substrate and employed as an electrochemical 
microelectrode sensor for measuring pH. 
Nitrate biosensors have been developed over the last two decades considering the advantage of 
enzymes that are strongly substrate-selective. Nitrate reductase (NR) is used in the fabrication of 
nitrate biosensors. However, its multiredox centre responsible for the biological conversion of 
nitrate to nitrite is generally not very active, and is deeply embedded in the protein structure, thus 
preventing the direct electron transfer with the electrode. 
Carbon nanotubes (CNTs) have emerged as a new class of nanomaterials that are receiving 
considerable interest owing to their ability to promote electron transfer reactions with enzymes 
showing low electroactivity. The high conductivity of this carbon material has led to improving 
electrochemical signal transduction, while its nano architecture imposes an electron contact 
between the redox centres. CNTs can donate and accept electrons in a wide range of potentials, 
and could therefore be used as mediators in biosensor systems. As a result, [27] investigated the 
performance of carbon nanotube/Polypyrrole/Nitrate reductase biofilm electrodes for nitrate 
detection. 
Table 8 summarises the different types of biological material, detection systems, LOD and 
applications of biosensor systems for nitrate ion detection. Meanwhile, Table 9 summarises the 
advantages and disadvantages of biosensor systems for nitrate measurement in water. 
 
Table 8: Types of biological materials, detection systems, LOD and references 
Biological materials Detection system LOD Application Ref. 
Methyl viologen/ Nafion/ 
nitrate reductase 
(Aspergillus niger) 
Conductometric 0.005 mM Nitrate detection in water [4] 
Carbon 
nanotube/polypyrrole/nitrat
e reductase (NaR) 
Amperometric 0.17 mM Nitrate measurement [27] 
Nitrate reductase (NaR) Cyclic voltammetry 200 nM 
Nitrate and nitrite 
detection 
[59] 
Escherichia coli Amperometric 0.1 mM 
Nitrate detection in 
drinking water 
[16] 
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Table 9: Advantages and disadvantages of biosensor systems 
Advantages Disadvantages 
* Wide linear range of sensor 
response/detection limit [27,59]  
*High stability [59,73]  
*Inexpensive [73] 
*Small size [74] 
*Fast response [75] 
*High selectivity towards targeted ions 
[59,75]  
*Portable system 
*pH parameter influences the performance 
of biosensor sensitivity [27,73]   
*Temperature parameter influences the 
performance of biosensor sensitivity [73] 
*Tedious measurement conditions [27,73]  
*Requirement for sample preparation 
[27,59,73]  
 
VII. FLOW INJECTION ANALYSIS 
 
Flow-based methods for nitrate determination in water were introduced for environmental 
analytical measurement. This analytical approach is attractive as a good alternative over 
traditional methods because of high throughput analysis, the low volume of sample and reagent, 
low cost and it being easy to operate. Hence, flow injection methods can be used as a water 
quality indicator to monitor parameters such as nitrate in a water sample [38-47]. 
Generally, there are four main processes in flow injection methods: distribution, reduction, pre-
detection, and detection. The distribution process normally uses a pump to carry a sample from 
the input to the next process with a constant flow rate. The pump in flow injection methods 
allows the supply of sample continuously within a measurement time frame. A reduction process 
is the second process in flow injection methods that is introduced for nitrate reduction. The 
reduction agent works by converting the nitrate ion into an active nitrite ion by activating the 
nitrate ion property in the sample. After the conversion process is completed, the next process is 
the pre-detection process. In this process, a detection agent is used to form a compound by 
reacting the reduction agent with the nitrite ion that was produced previously in the nitrate 
reduction process. Then, the detection system detects nitrate and nitrite. The most common 
detection agents are griess-illosvay, acidic hydrogen peroxide, sulfanilamide and N-(1-naphthyl) 
ethylenediaminedihydrochloride (NED). 
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Several reduction agents have been introduced to perform nitrate reduction in flow injection 
methods. The most common reduction agents are zinc column, cadmium column, vanadium (|||), 
titanium (|||) chloride and hydrazine sulphate. The selection of the reduction agent is important 
because an incorrect choice will lead to problems such as excessive time consumption and 
environmental pollution. Hydrazine [45] need a lengthy reaction time for the reduction process 
and colour development before detection. Hazardous reagents such as cadmium associated with 
toxic waste can contribute to pollution after usage [39,40]. 
Numerous flow injection methods coupled with different types of detectors have been reported 
for nitrate determination in water samples. Detection systems such as spectrophotometric and 
chemiluminescence are highly preferred to be employed as detection mechanisms in flow 
injection applications for nitrate detection. The detection output such as absorbance is 
proportional to the sample concentration. Such behaviour is described by Lambert’s law, where 
absorbance is proportional to the concentration of measured material or sample. 
The maximum output of detection can be achieved by controlling several chemical and physical 
parameters such as solution pH, flow rate for carrier and sample, sample volume and reaction coil 
length. These parameters have to be controlled in order to achieve an accurate result, sample 
throughput, and a maximum peak shape of output. Therefore, optimum parameters are required. 
Yaqoob et al. [40] mentioned that the luminal chemiluminescence efficiency is dependent on pH, 
which demonstrates strong emission via alkaline conditions. pH helps for nitrate reduction. The 
absorbance or detector response changes significantly by increasing the pH, which helps to 
develop the azo dye formation efficiently for spectrophotometric detection [39]. 
Table 10 and Table 11 summarise the optimised parameters from previous investigations and 
flow injection methods for nitrate detection, respectively. The flow rate of the sample, carrier and 
reagent solution in flow injection methods are important, as the reaction time can be controlled 
and adjusted. Hence, flow rate is said to be a critical parameter for time-consuming reactions 
[41]. Furthermore, the flow rate can enhance the sensitivity as well as high sample throughput 
[44]. A maximum signal emission such as luminal chemiluminescence [40] can be achieved by 
using an optimum flow rate. Optimum flow rate helps to stabilise the baseline on the detection 
area and improve the output such as intensity and absorbance. 
Sample volume [39,40] contributes to increased detection capabilities such as luminal 
chemiluminescence intensity and spectrophotometric absorbance. To find the optimum sample 
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volume, the volume of the samples was manipulated and the outputs were monitored. The best 
result in terms of shape peaks of output by specific sample volume is considered as the optimum 
sample volume. 
The optimum reaction coil length in flow injection methods can enhance the measurement of 
absorbance or intensity [39]. To find the optimum length, the dimensions of the reaction coil are 
manipulated. The optimisation procedure for reaction coil length is similar to the optimum 
sample volume selection based on absorbance or intensity output. 
Table 11 shows that flow injection methods provide low LOD, rapid measurement, low-cost 
systems, and are easy to operate. The advantages and disadvantages of flow injection methods are 
summarised in Table 12. Nevertheless, some disadvantages were identified, such as the use of a 
hazardous reagent such as cadmium, which is harmful to humans and contribute to environmental 
pollution. In addition, the interference of other contamination disturbs the detection performance; 
hence, detection accuracy is degraded. Moreover, tedious sample preparation is required to 
prepare the sample. Furthermore, the system needs periodical maintenance involving the 
mechanical parts in the flow injection methods such as the peristaltic pump and injection valve. 
Hence, the maintenance cost should also be considered. 
 
Table 10: Optimised parameters in flow injection methods 
Optimum value 
Detection 
system 
Spectrophoto-
metric [5] 
Spectrophoto-
metric [6] 
Chemilu-
minescence 
[7] 
Spectrophoto-
metric [8] 
Spectrophoto
-metric [9] 
pH - 7.5 12 7.8 6.5 
Flow rate 
(mL/min) 
0.8 2 1.6 1 2.1 
Sample 
volume (µL) 
500 150 150 250 100 
Reaction coil 
(cm) 
350 200 150 100 30 
 
Table 11: Flow injection methods for nitrate detection 
 
System Reduction Detection agent Detection LOD Application Ref. 
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agent system 
Flow 
analysis 
Zink granules N-(1-naphthyl)ethylene 
diamine (Griess 
reagent) 
Spectrophoto
metric 
1.3 
µg/L 
Nitrate 
measurement in 
marine and 
estuarine waters 
[61] 
Flow-
injection 
Cadmium 
(Cu-cd) 
Acidic hydrogen 
peroxide 
Luminolchemi
luminescence 
0.02 
µgN/L 
Nitrate and 
nitrite 
determination 
in freshwater 
[62] 
Multi-
parametric 
automated 
Cadmium 
column 
Modified griess-
illosvay 
Spectrophoto
metric 
0.0207 
mgN/L 
Nitrate, nitrite 
and sulfate 
determination 
in drinking 
water and waste 
water 
[66] 
Flow-
injection 
Vanadium 
(111) chloride 
Sulfanilamide and N-(1-
naphthyl)ethylenediami
nedihydrochloride 
(NED) 
Spectrophoto
metric 
0.1 µM Nitrate and 
nitrite 
determination 
in aqueous 
samples 
[63] 
Flow-
injection 
Cadmium 
column and 
sulfanilamide 
N-(1-
naphthyl)ethylenediami
nedihydrochloride(N1N
ED) 
Spectrophoto
metric 
50 
µgN/L 
Nitrate and 
nitrite 
determination 
in natural 
waters 
[60] 
Flow-
injection 
Cadmium Sulfanilamide and N-(1-
naphthyl)ethylenediami
nedihydrochloride 
(NED) 
Spectrophoto
metric 
0.013 
µg/L 
Nitrate, nitrite 
and ammonium 
determination 
in soils 
[67] 
Flow 
analysis 
Enzymatic 
assay reagent 
Griess-ilosvay Spectrophoto
metric 
0.73 
mg/L 
Nitrate and 
nitrite 
determination 
in water 
[65] 
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 Table 12: Advantages and disadvantages of flow injection methods 
 
Advantages Disadvantages 
*Low LOD [60,62,64]  
*Simple system [60,62,64]  
*Rapid measurement [60,66,67]  
*Low-cost system [60,67]  
*High throughput [60,62,66,64]  
*Easy to assemble [60] 
*Easy to operate [61] 
*Optimum sensitivity [66] 
*Good sensitivity [61,66,67]  
*Good repeatability [66] 
*Low reagent consumption [60,62,66]   
*Minimum waste generation [66] 
*Minimum man power/labour to run the 
experiment [60,62]  
*Exposure to hazardous reagents such as 
cadmium [60,62]  
*Interference of other contaminants such as 
phosphate, Co(11) and Fe(111) [60,62,66]  
*Tedious procedure for reagent preparation 
[60,61]  
*Maintenance of mechanical parts such as 
pump and valve as the components have a 
life span 
*Reproducibility issue of cadmium column 
over long period usage 
*The natural behaviour of griess reagent is 
unstable over a long period usage 
 
VIII. ELECTROMAGNETIC SENSOR 
 
a. Introduction of planar electromagnetic sensor 
Currently, various types of impedance-based sensor have been introduced. This type of sensor is 
suitable for direct measurement [77]. Planar electromagnetic sensor array (PESA) is one type of 
impedance-based sensor. This sensor reflects the changes of physical quantity of sample based on 
the changes in electrical impedance. The details of PESAs detection mechanism is discussed in 
the next subchapter. 
Near-to-surface properties such as conductivity, dielectric and permeability of an analyte solution 
can be determined via PESA. It is reported that PESA has the ability to detect and estimate nitrate 
in water samples [3,6,7,19,48,49,76]. 
Many studies have been carried out to enhance the sensor performance in terms of sensitivity by 
optimising the sensor design or configuration. It is convenient to use PESA for in situ 
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measurement system. Moreover, PESA is also highly durable, has a fast response, and is low 
cost. The advantages and disadvantages of PESA are summarised in Table 13. 
 
Table 13: Advantages and disadvantages of PESA 
 
Advantages Disadvantages 
*Low cost [3,6,7,19,43,44,69–71]  
*Convenient [3,6,7,19,43,44,69–71]  
*Suitable for in situ measurement systems 
[3,6,7,19,43,44,69–71]  
*Highly durable [3,6,7,19,43,44,69–71]  
*Rapid reaction [3,6,7,19,43,44,69–71]  
*Requires algorithm for sample classification 
[19] 
*Needs regular maintenance before experiment 
*Requires a wide range of frequency to 
determine the resonant frequency 
 
A novel planar electromagnetic sensor and thorough study were considered for nitrate detection 
in aqueous water [6,7] . Two samples such as sodium nitrates and ammonium nitrates were used 
to study the sensor behaviour [7]. The best sensor was determined by investigating the sensor 
performance based on two arrangements: series connection and parallel connection. The 
proposed sensors consist of a mender sensor and interdigital sensor. This combination formed an 
electromagnetic sensor. 
This finding demonstrates that the series connection gives better nitrate detection than parallel 
connection in terms of sensitivities. Therefore, the authors recommended to use the series 
configuration for electromagnetic sensor development. The improvement of the detection can be 
effected by focusing on the sensor material. The authors suggest using the gold material as a 
sensing element for electrode development. The nitrate ion has the characteristic of being 
attracted to gold. Hence, most nitrate ions present in water can be detected. The use of substrates 
with high dielectric constant can improve the sensor’s sensitivity. The penetration of the sensor’s 
electric field on the other side occurs by means of a low dielectric constant substrate, which 
decreased the sensitivity. Therefore, a high dielectric constant substrate is a must for developing a 
high-sensitivity sensor. 
Further optimisation of planar electromagnetic sensors has been carried out in order to determine 
the best sensor with the highest sensitivity [7]. Three types of configurations: parallel, star and 
delta, have been studied. The proposed sensors consist of a mender sensor and an interdigital 
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sensor that are connected in series. A mender sensor is based on five loops of coils. The 
interdigital sensor is designed based on a consecutive positive electrode and negative electrode. 
A simulation using COMSOL Multiphysics 4.2 software has been carried out to evaluate the 
sensitivity of all configurations based on impedance changes. Hence, the best sensor in term of 
the highest sensitivity can be determined. The frequency for the simulation is varied from 1–24 
MHz. Three parameters have been considered: conductivity σ, permittivity ε, and permeability µ. 
The results demonstrate that all configurations are sensitive to the material properties. Based on 
the simulation data, the best sensor that is highly sensitive to nitrate ions is the star configuration. 
Nor et al. [7] validated the simulation results through experiments. Both the simulation and 
experimental results are in good agreement. 
Multivariate statistical tools associated with a planar electromagnetic sensor are useful for real-
time measurement in estimating and classifying the nitrate concentration level in water. Such 
tools are independent component analysis (ICA) [19,69] and artificial neural networks (ANN) 
[7]. These tools enhance the capability of planar electromagnetic sensor to differentiate the nitrate 
contaminant level presence in water. Hence, the accuracy of the detection is improved. Generally, 
the indicator to determine the performance of ICA and ANN is based on the root mean square 
error (RMSE) value. 
Yunus et al. [19] applied the ICA model for nitrate estimation in natural water. The proposed 
ICA model is tested using eight sets of samples that contain a mixture of ammonium nitrate 
 and ammonium phosphate . They proposed three components in the 
analysis: the fixed point algorithm, spectral matching and contamination calculation. A second 
derivative equation is applied to the output sensitivity of mixing samples in order to differentiate 
the sample’s data trends significantly. Hence, the identification of nitrate based on concentration 
level can be easily carried out. The ICA model is able to detect nitrate contamination in distilled 
water as well as differentiate the concentration level with a correlation coefficient of 0.9921. A 
large error is observed when the concentration is less than 15.3 mg/L, while low error is obtained 
at high concentrations. This finding indicates that the ICA model is a trustworthy multivariate-
statistical tool for nitrate estimation in water. On the other hand, the ICA model requires 
repeating measurements in order to obtain sufficient data for nitrate estimation. Hence, the 
estimation process of ICA is time-consuming as a number of measurements are compulsory. 
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Therefore, as an alternative, the ANN estimation tool has been introduced to overcome this 
problem. 
The ANN approach has been used [7] to estimate nitrate contamination presences in water 
samples. The proposed ANN model is subjected to a nitrate sample in the form of and 
. Nitrate concentrations vary from 5–114 mg and were dissolved in 1 L of distilled water. 
To confirm the estimation ability of the proposed ANN, seven sets of mixed  and  
with different levels of concentrations dissolved in water were prepared and tested. The finding 
demonstrates that the proposed ANN model can detect and estimate the nitrate concentration in 
distilled water with an RMSE of 0.0132. To validate the capability of the ANN model in 
estimating nitrate concentration, the proposed ANN model is removed from the system and the 
output is observed. The result demonstrates that RMSE value increased significantly to 0.0977. 
Therefore, the application of proposed ANN model is beneficial and crucial for nitrate estimation 
in water. 
b. Planar electromagnetic detection mechanism and equivalent circuit 
PESA consists of a series-connected meander sensor and interdigital sensor [49]. The sensor 
array is fabricated in thin substrate such as printed circuit board (PCB) using a conventional PCB 
fabrication technique. The meander sensor consists of several loops or coils of electrodes and is 
designed to be spiral or square in shape. The interdigital sensor consists of positive and negative 
electrodes and is designed to be parallel between positive and negative electrode. The ground 
electrode is placed at the bottom of the interdigital sensor. The architecture of the electromagnetic 
sensor is illustrated in Figure 3. 
 
 
Figure 3:  Electromagnetic sensor architecture 
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As reported in [48,50], the sensor’s response in terms of strong current signal can be improved by 
widening the negative electrode dimension of the interdigital sensor [51]. Significant changes on 
impedance occurred by altering the shape and geometric parameters of the interdigital electrode. 
For example, [52] mentioned that the impedance of water bulk medium increases with the 
distance between the two electrodes and decreases by increasing the area of the electrode. 
Therefore, the total impedance of the sensor is increased as the wide distance configuration 
applies for the electrodes. 
The inductance from a meander sensor could also influence the performance of the planar 
electromagnetic sensor. The inductance equation of the mender sensor can be expressed as 
[53,54]: 
 
 
(1) 
 
Where L represents the inductance of a mender sensor (Unit: Henrys), and NL is the number of 
inductor turns. OD and ID are the outer and inner diameters, respectively, of the inductor 
respectively (Unit: meters). A coil structure or inductive part in the planar electromagnetic sensor 
plays a very important role where it helps to weaken the capacitance of the measured medium. 
Hence, the capacitive impedance will definitely change to inductive impedance at high 
frequencies. Therefore, the measurement accuracy is improved as the capacitive part of the total 
impedance normally interferes with the measurement precision. Furthermore, weakening the 
capacitance caused by the inductance from coil structure will decrease the medium impedance. 
Hence, the current flow in the medium is increased as the total impedance decreases. As a result, 
the measuring error is reduced as the measuring current increases [53]. 
The measured resonant frequency and the zero reactance frequency from an experiment are very 
important to determine and estimate the real, imaginary, and complex permittivity of a medium. 
The resonant frequency is defined as the frequency in which the maximum impedance amplitude 
of the real part of a medium is observed. The zero reactance frequency is the frequency of the 
imaginary part of a medium where the impedance value is zero. On the other hand, these 
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frequencies change with the concentration of the measured medium, which in turn allows the 
calculation of concentration. Moreover, these frequencies are reported to be highly dependent on 
the inductance and capacitance of the planar electromagnetic sensor array [53]. 
An investigation on the relationship between capacitance and conductivity of a medium based on 
electromagnetic sensor configuration, coating layer and water solution has been carried out [54]. 
The protective layer known as the coating layer insulates the sensor surface from direct exposure 
to water solution. The protective layer protects the sensor surface from extreme chemical reaction 
that comes from contaminants. Hence, the use of a protective layer can avoid the sensor from 
being damaged. Moreover, a protective layer acts as a constant capacitance known as a double-
layer capacitor, Cdl. Cdl is highly dependent on copper line surface area and the thickness of 
coating layer [54]. A charge transfer resistor, Rct is the resistor that is present in the coating area. 
This resistor is connected in parallel with Cdl as illustrated in Figure 4. Psychochemical variables 
such as electrical potential and chemical potential have the ability to charge the interface and 
allow the transportation of reacting species between the water bulk solution and interfacial 
reaction zone. Therefore, the psychochemical variables make Rct be influenced by their existence 
in the water bulk medium. RE and CE are the resistance and capacitance of water bulk, 
respectively. 
 
 
Figure 4:  Physical representation based on planar electromagnetic sensor configuration 
 
The dielectric properties of a water solution arise from the influence of an external electric field 
of planar electromagnetic sensor on the dielectric dipole and mobile ions. When the water 
solution is subjected to an external electric field, the neutralisation or polarisation process of 
dipoles occurs. As a result, the dipole is re-aligned by shifting its equilibrium positions, where a 
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positive charge is displaced toward the field of a negative charge and vice versa for a negative 
charge. Another significant dipole realignment is the formation of an internal electric field 
between the dipoles. This re-alignment process is different for different types of materials. 
Hence, the magnetic response of each material across the frequency spectrum is unique. The 
dipole re-alignment process is illustrated in Figure 5. 
 
 
Figure 5:  Dipole realignment process  
 
Figure 5 shows the realignment process of dipoles. In the bulk liquid area, dipole re-alignment 
from the separation of charge in the monomers making up the material builds up capacitance CE 
of the liquid solution. As a result, a charged surface is formed at the interfacial area. Hence, Cdl is 
formed in the interfacial area. This is known as an electrical double layer (EDL) [52]. 
Mobile ions must be considered as well. Mobile ions are present in water due to 
contamination. Conductive current movements in the water bulk area are based on the flow of 
mobile ions when subjected to an external electric field. Hence, the resistance of water bulk, RE is 
highly dependent on the strength of the applied external electric field. Ion movement is dependent 
on the viscosity of the medium: it moves faster in the lower viscosity medium and moves slower 
in a higher viscosity medium. On the other hand, Rct is based on the kinetics of absorbed or 
desorbed of mobile ions in the interfacial layer [52]. 
The equivalent circuit of the planar electromagnetic sensor based on a series-connected meander 
sensor and interdigital sensor is presented in Figure 12. The equivalent circuit shows the sensor’s 
impedance, which consists of Cdl, Rct, CE and RE. The constant parasitic capacitor is denoted as 
CC. The equivalent circuit of PESA can be expressed as follows: 
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 (2) 
 
The relationship between the permittivity and conductivity with the sensor’s geometrical constant 
will enable the calculation of the permittivity and conductivity of every water sample using a 
proper fitting function. Based on Equation (2), the real part of conductivity, σ can be estimated 
from Equation (3), while relative permittivity  is estimated from Equation (5) [53]. 
 
 
(3) 
 
where k is the geometrically correlated constant of the interdigital sensor, which is defined as in 
Equation (4) [53], and RE is the resistance of bulk liquid solution. 
 
 
(4) 
 
Where ℓ, a, and b are the interdigital sensor dimensions as shown in Figure 3 while NC is the 
number of interdigital electrodes. 
 
 
(5) 
 
Where  and  are the free space permittivity and relative permittivity of substrate respectively. 
CE is the capacitance of bulk liquid solution, calculated based on Equation (6) [52]: 
 
 
(6) 
Where A is the electrode geometry of area A in which current is carried, and d is the thickness of 
the sample between electrodes. The imaginary part of complex permittivity of the medium,  
can be expressed as: 
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 (7) 
 
Where ω is the radian frequency (Hz). The complex permittivity of a medium,  shows an 
inverse relationship between RE and ω. Therefore, increasing the radian frequency should 
decrease its complex permittivity. 
c. Selective membrane for PESA detection improvement 
Various methods have been introduced for water contamination treatment such as flocculation, 
floatation, ferric hydroxide and filtration. However, these conventional methods have their own 
drawbacks that restrict their applications, such as requiring pre-treatment process and reagent 
needing to be consumed during the operation. Furthermore, these methods are not economical for 
the treatment of large-scale samples with high concentration. 
Currently, membrane technology has gained great attention in sensing technology. Most workers 
nowadays like to integrate membranes or known as conducting polymer, into their sensor system 
in order to improve the sensing performance [78]. Polymers have gained tremendous recognition 
in the field of liquid and gas sensing. This so called ‘an active layer’ has been introduced since 
1980s. It is reported that the conducting polymer has various improved characteristic. Such 
characteristic are highly sensitive and short response time. Moreover, their fabrication process is 
not complicated which easy to synthesize via electrochemical process [79]. 
Yunus et al. [3] applied the membrane technology into a planar electromagnetic sensor array. The 
proposed membrane is inexpensive, as no additional reagent is required for the pre-treatment. 
Hence, this is an alternative method to save costs. The proposed membrane consists of a 
combination of polymer dope modified silica (polymer) and N-Methyl-2-pyrrolidone (NMP) 
(solvent). Poly-sulfone (PSF) and modified silica were selected to represent the polymer material 
in the membrane to enhance the selectivity towards nitrate ions. The organic compound NMP 
was employed as the main element of the membrane, where it has five-membered lactams. 
This finding demonstrates that the average sensitivity of a planar electromagnetic sensor varied 
from 0.007–223 % via experiments using nitrate concentrations of 5 ppm, 25 ppm, and 100 ppm. 
The proposed membrane enhanced the sensor response in terms of sensitivity and selectivity 
towards nitrate ions. 
 
IX. CONCLUSION 
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 The aim of this study was to consider the various ways that the enhancements of knowledge and 
material sciences have played a prominent and relevant role in improving nitrate detection 
capability. The improvement may come from the introduction of a suitable membrane into a 
sensor system, sensor modification via design and configuration, system miniaturisation, the 
selection of electrode material for sensor development, techniques to improve bonding between 
membrane and sensor, and minimising the environmental impact during measurement. 
The drawbacks of conventional methods such as system limitations have been highlighted. Even 
though most conventional methods provide sufficient results for nitrate ions detection, they are 
generally time-consuming, immobile (i.e. laboratory-based), and the measurement is not 
performed routinely. 
In summary, planar electromagnetic sensors have become popular in pollutant determination due 
to their non-destructive measurement, low cost, high performance features such as fast response, 
and simple operation. Extensive research on membrane development is crucial in order to 
enhance the sensor performance in terms of selectivity and sensitivity. 
 
 
 
ACKNOWLEDGEMENT 
 
The authors would like to acknowledge the financial assistance from the Science fund the 
Ministry of Science, Technology and Innovation (MOSTI) Malaysia (Vote No. 03-01-06-
SF1216) and Universiti Teknologi Malaysia for providing the facilities. 
 
REFERENCES 
 
[1] World Health Organization, “Nitrate and Nitrite in Drinking Water,” 2011. 
[2] K. Tirumalesh, “Simultaneous determination of bromide and nitrate in contaminated 
waters by ion chromatography using amperometry and absorbance detectors,” Talanta, vol. 74, 
no. 5, pp. 1428–1434, 2008. 
INTERNATIONAL JOURNAL ON SMART SENSING AND INTELLIGENT SYSTEMS VOL. 10, NO. 2, JUNE  2017 
253
[3] M. A. M. Yunus, S. Ibrahim, W. Ali, H. Altowayti, and G. P. San, “Selective Membrane 
for Detecting Nitrate E ased on Planar Electromagnetic Sensors Array,” in Control Conference 
(ASCC), Asian, 2015, no. 4. 
[4] R. K. Mahajan, R. Kaur, H. Miyake, and H. Tsukube, “Zn(II) complex-based 
potentiometric sensors for selective determination of nitrate anion.,” Anal. Chim. Acta, vol. 584, 
no. 1, pp. 89–94, 2007. 
[5] C. Wardak, “Solid contact nitrate ion-selective electrode based on ionic liquid with stable 
and reproducible potential,” Electroanalysis, vol. 26, no. 4, pp. 864–872, 2014. 
[6] M. A. M. Yunus and S. C. Mukhopadhyay, “Novel planar electromagnetic sensors for 
detection of nitrates and contamination in natural water sources,” IEEE Sens. J., vol. 11, no. 6, 
pp. 1440–1447, 2011. 
[7] A. S. M. Nor, M. A. M. Yunus, S. W. Nawawi, and S. Ibrahim, “Low-cost sensor array 
design optimization based on planar electromagnetic sensor design for detecting nitrate and 
sulphate,” Proc. Int. Conf. Sens. Technol. ICST, pp. 693–698, 2013. 
[8] T. K. Bera and J. Nagaraju, “Gold electrode sensors for Electrical Impedance 
Tomography (EIT) studies,” SAS 2011 - IEEE Sensors Appl. Symp. Proc., pp. 24–28, 2011. 
[9] H. R. Lotfi Zadeh Zhad and R. Y. Lai, “Comparison of nanostructured silver-modified 
silver and carbon ultramicroelectrodes for electrochemical detection of nitrate,” Anal. Chim. 
Acta, vol. 892, pp. 153–159, 2015. 
[10] Y. Li, J. Sun, C. Bian, J. Tong, and S. Xia, “Procedia Engineering Electrodeposition of 
Copper Nano-clusters at a Platinum Microelectrode for Trace Nitrate Determination,” Procedia 
Eng., vol. 5, pp. 339–342, 2010. 
[11] S. S. Hassan, “Ion-selective electrodes in organic functional group analysis: 
microdetermination of nitrates and nitramines with use of the iodide electrode.,” Talanta, vol. 23, 
no. 10, pp. 738–740, 1976. 
[12] S. S. M. Hassan, H. E. M. Sayour, and S. S. Al-Mehrezi, “A novel planar miniaturized 
potentiometric sensor for flow injection analysis of nitrates in wastewaters, fertilizers and 
pharmaceuticals,” Anal. Chim. Acta, vol. 581, no. 1, pp. 13–18, 2007. 
[13] B. Schnetger and C. Lehners, “Determination of nitrate plus nitrite in small volume 
marine water samples using vanadium(III)chloride as a reduction agent,” Mar. Chem., vol. 160, 
pp. 91–98, 2014. 
Aizat Azmi, Ahmad Amsyar Azman, Sallehuddin Ibrahim, and Mohd Amri Md Yunus,  
TECHNIQUES IN ADVANCING THE CAPABILITIES OF VARIOUS NITRATE DETECTION METHODS: A REVIEW
254
[14] M. A. Ferree and R. D. Shannon, “Evaluation of a second derivative UV/visible 
spectroscopy technique for nitrate and total nitrogen analysis of wastewater samples,” Water 
Res., vol. 35, no. 1, pp. 327–332, 2001. 
[15] A. Lanoul, T. Coleman, and S. A. Asher, “UV resonance raman spectroscopic detection 
of nitrate and nitrite in wastewater treatment processes.,” Anal. Chem., vol. 74, no. 6, pp. 1458–
1461, 2002. 
[16] D. Albanese, M. Di, and C. Alessio, “Screen printed biosensors for detection of nitrates in 
drinking water,” in 20th European Symposium on Computer Aided Process Engineering -
ESCAPE20, 2010, vol. 28, pp. 283–288. 
[17] R. Michalski and I. Kurzyca, “Determination of Nitrogen Species ( Nitrate , Nitrite and 
Ammonia Ions ) in Environmental Samples by Ion Chromatography,” Polish J. Environ. Stud., 
vol. 15, no. 1, pp. 5–18, 2006. 
[18] L. Zhang, M. Zhang, H. Ren, P. Pu, P. Kong, and H. Zhao, “Comparative investigation on 
soil nitrate-nitrogen and available potassium measurement capability by using solid-state and 
PVC ISE,” Comput. Electron. Agric., vol. 112, pp. 83–91, 2015. 
[19] M. A. M. Yunus, S. Mukhopadhyay, and A. Punchihewa, “Application of independent 
component analysis for estimating nitrate contamination in natural water sources using planar 
electromagnetic sensor,” 2011 Fifth Int. Conf. Sens. Technol., vol. 1, pp. 538–543, 2011. 
[20] M. O. Mendoza, E. P. Ortega, O. A. De Fuentes, Y. Prokhorov, and J. G. Luna, “Chitosan 
/ bentonite nanocomposite : preliminary studies of its potentiometric response to nitrate ions in 
water,” pp. 7–10, 2014. 
[21] C. Li and L. Li, “Prediction of Nitrate and Chlorine in Soil Using Ion Selective 
Electrode,” in World Automation Congress (WAC), 2010, pp. 231–234. 
[22] L. Nuñez, X. Cetó, M. I. Pividori, M. V. B. Zanoni, and M. del Valle, “Development and 
application of an electronic tongue for detection and monitoring of nitrate, nitrite and ammonium 
levels in waters,” Microchem. J., vol. 110, pp. 273–279, 2013. 
[23] T. A. Bendikov and T. C. Harmon, “A Sensitive Nitrate Ion-Selective Electrode An 
Analytical Laboratory Experiment,” vol. 82, no. 3, pp. 439–441, 2005. 
[24] A. Calvo-lópez, E. Arasa-puig, M. Puyol, J. Manel, and J. Alonso-chamarro, “Analytica 
Chimica Acta Biparametric potentiometric analytical microsystem for nitrate and potassium 
INTERNATIONAL JOURNAL ON SMART SENSING AND INTELLIGENT SYSTEMS VOL. 10, NO. 2, JUNE  2017 
255
monitoring in water recycling processes for manned space missions,” Anal. Chim. Acta, vol. 804, 
pp. 190–196, 2013. 
[25] E. Andreoli, V. Annibaldi, D. a Rooney, K.-S. Liao, N. J. Alley, S. a Curran, and C. B. 
Breslin, “Electrochemical Conversion of Copper-Based Hierarchical Micro/Nanostructures to 
Copper Metal Nanoparticles and Their Testing in Nitrate Sensing.,” Electroanalysis, vol. 23, no. 
9, pp. 2164–2173, 2011. 
[26] S. A. and S. Bhansali, “Development of Micro-Fluidic Nitrate-Selective Sensor Based On 
Polypyrrole Nanowires,” J. Chem. Inf. Model., vol. 53, pp. 1689–1699, 2013. 
[27] F. Can, S. Korkut Ozoner, P. Ergenekon, and E. Erhan, “Amperometric nitrate biosensor 
based on Carbon nanotube/Polypyrrole/Nitrate reductase biofilm electrode,” Mater. Sci. Eng. C, 
vol. 32, no. 1, pp. 18–23, 2012. 
[28] C. Li, Y Sun, J.Z Bian, “A Microfluidic Sensor Chip With Renewable In-Situ Copper 
Modified Microelectrode For Continuous Monitoring Of Nitrate,” in Solid-State Sensors, 
Actuators and Microsystems Conference (TRANSDUCERS), International, 2011, pp. 2279–2282. 
[29] Y. Li, J. Sun, C. Bian, J. Tong, and S. Xia, “A Micro Electrochemical Sensor with Porous 
Copper- clusters for Total Nitrogen Determination in Freshwaters,” in Nano/Micro Engineered 
and Molecular Systems (NEMS), 2013, vol. 1, pp. 1–4. 
[30] Y. Li, C. Bian, S. Xia, J. Sun, and J. Tong, “Micro electrochemical sensor with copper 
nanoclusters for nitrate determination in freshwaters,” Micro Nano Lett., vol. 7, no. 12, pp. 1197–
1201, 2012. 
[31] H. Kodamatani, S. Yamazaki, K. Saito, T. Tomiyasu, and Y. Komatsu, “Selective 
determination method for measurement of nitrite and nitrate in water samples using high-
performance liquid chromatography with post-column photochemical reaction and 
chemiluminescence detection,” J. Chromatogr. A, vol. 1216, no. 15, pp. 3163–3167, 2009. 
[32] C. Lopez-Moreno, I. V. Perez, and A. M. Urbano, “Development and validation of an 
ionic chromatography method for the determination of nitrate, nitrite and chloride in meat,” Food 
Chem., vol. 194, pp. 687–694, 2016. 
[33] M. R. Siddiqui, S. M. Wabaidur, Z. a. ALOthman, and M. Z. a. Rafiquee, “Rapid and 
sensitive method for analysis of nitrate in meat samples using ultra performance liquid 
chromatography–mass spectrometry,” Spectrochim. Acta Part A Mol. Biomol. Spectrosc., vol. 
151, pp. 861–866, 2015. 
Aizat Azmi, Ahmad Amsyar Azman, Sallehuddin Ibrahim, and Mohd Amri Md Yunus,  
TECHNIQUES IN ADVANCING THE CAPABILITIES OF VARIOUS NITRATE DETECTION METHODS: A REVIEW
256
[34] P. Niedzielski, I. Kurzyca, and J. Siepak, “A new tool for inorganic nitrogen speciation 
study: Simultaneous determination of ammonium ion, nitrite and nitrate by ion chromatography 
with post-column ammonium derivatization by Nessler reagent and diode-array detection in rain 
water samples,” Anal. Chim. Acta, vol. 577, no. 2, pp. 220–224, 2006. 
[35] M. Akyüz and Ş. Ata, “Determination of low level nitrite and nitrate in biological, food 
and environmental samples by gas chromatography–mass spectrometry and liquid 
chromatography with fluorescence detection,” Talanta, vol. 79, no. 3, pp. 900–904, 2009. 
[36] Y. Li, J. S. Whitaker, and C. L. McCarty, “Reversed-phase liquid 
chromatography/electrospray ionization/mass spectrometry with isotope dilution for the analysis 
of nitrate and nitrite in water,” J. Chromatogr. A, vol. 1218, no. 3, pp. 476–483, 2011. 
[37] Y. Zuo, C. Wang, and T. Van, “Simultaneous determination of nitrite and nitrate in dew, 
rain, snow and lake water samples by ion-pair high-performance liquid chromatography,” 
Talanta, vol. 70, no. 2, pp. 281–285, 2006. 
[38] A. Ayala, L. O. Leal, L. Ferrer, and V. Cerdà, “Multiparametric automated system for 
sulfate, nitrite and nitrate monitoring in drinking water and wastewater based on sequential 
injection analysis,” Microchem. J., vol. 100, no. 1, pp. 55–60, 2012. 
[39] M. Yaqoob, A. Nabi, and P. J. Worsfold, “Determination of Nitrite and Nitrate in Natural 
Waters Using Flow Injection with Spectrophotometric Detection,” J. Chem. Soc. Pakistan, vol. 
35, no. 2, pp. 533–539, 2013. 
[40] M. Yaqoob, B. Folgado Biot, A. Nabi, and P. J. Worsfold, “Determination of nitrate and 
nitrite in freshwaters using flow-injection with luminol chemiluminescence detection.,” 
Luminescence, vol. 27, no. 5, pp. 419–25, 2011. 
[41] S. Wang, K. Lin, N. Chen, D. Yuan, and J. Ma, “Talanta Automated determination of 
nitrate plus nitrite in aqueous samples with fl ow injection analysis using vanadium ( III ) 
chloride as reductant,” Talanta, pp. 1–5, 2015. 
[42] C. E. L. Pasquali, a. Gallego-Picó, P. F. Hernando, M. Velasco, and J. S. D. Alegría, 
“Two rapid and sensitive automated methods for the determination of nitrite and nitrate in soil 
samples,” Microchem. J., vol. 94, no. 1, pp. 79–82, 2010. 
[43] C. E. López Pasquali, P. Fernández Hernando, and J. S. Durand Alegría, 
“Spectrophotometric simultaneous determination of nitrite, nitrate and ammonium in soils by 
flow injection analysis,” Anal. Chim. Acta, vol. 600, no. 1–2 SPEC. ISS., pp. 177–182, 2007. 
INTERNATIONAL JOURNAL ON SMART SENSING AND INTELLIGENT SYSTEMS VOL. 10, NO. 2, JUNE  2017 
257
[44] S. Feng, M. Zhang, Y. Huang, D. Yuan, and Y. Zhu, “Simultaneous determination of 
nanomolar nitrite and nitrate in seawater using reverse flow injection analysis coupled with a 
long path length liquid waveguide capillary cell,” Talanta, vol. 117, pp. 456–462, 2013. 
[45] P. S. Ellis, A. M. H. Shabani, B. S. Gentle, and I. D. McKelvie, “Field measurement of 
nitrate in marine and estuarine waters with a flow analysis system utilizing on-line zinc 
reduction,” Talanta, vol. 84, no. 1, pp. 98–103, 2011. 
[46] A. D. Beaton, C. L. Cardwell, R. S. Thomas, V. J. Sieben, E. M. Waugh, P. J. Statham, 
M. C. Mowlem, and H. Morgan, “Lab-on-Chip Measurement of Nitrate and Nitrite for In Situ 
Analysis of Natural Waters,” 2012. 
[47] N. Amini and I. McKelvie, “An enzymatic flow analysis method for the determination of 
phosphatidylcholine in sediment pore waters and extracts,” Talanta, vol. 66, no. 2 SPEC. ISS., 
pp. 445–452, 2005. 
[48] M. A. M. Yunus, S. C. Mukhopadhyay, and S. Ibrahim, “Planar Electromagnetic Sensor 
Based Estimation of Nitrate Contamination in Water Sources Using Independent Component 
Analysis,” IEEE Sens. J., vol. 12, no. 6, pp. 2024–2034, 2012. 
[49] A. S. M. Nor, M. Faramarzi, M. A. M. Yunus, and S. Ibrahim, “Nitrate and Sulfate 
Estimations in Water Sources Using a Planar Electromagnetic Sensor Array and Artificial Neural 
Network Method,” IEEE Sens. J., vol. 15, no. 1, pp. 497–504, 2015. 
[50] M. A. M. Yunus and S. C. Mukhopadhyay, “Planar Electromagnetic Sensor for the 
Detection of Nitrate and Contamination in Natural Water Sources Using Electrochemical 
Impedance Spectroscopy,” in New Developments and Applications in Sensing Technology, 2011, 
pp. 39–63. 
[51] M. A. M. Yunus and S. C. Mukhopadhyay, “Development of planar electromagnetic 
sensors for measurement and monitoring of environmental parameters,” Meas. Sci. Technol., vol. 
22, no. 2, p. 025107, 2011. 
[52] X. Wang, Y. Wang, H. Leung, S. C. Mukhopadhyay, M. Tian, and J. Zhou, “Mechanism 
and Experiment of Planar Electrode Sensors in Water Pollutant Measurement,” IEEE Trans. 
Instrum. Meas., vol. 64, no. 2, pp. 516–523, 2015. 
[53] K. G. Ong, J. Wang, R. S. Singh, L. G. Bachas, and C. a Grimes, “Monitoring of bacteria 
growth using a wireless, remote query resonant-circuit sensor: application to environmental 
sensing.,” Biosens. Bioelectron., vol. 16, no. 4–5, pp. 305–12, 2001. 
Aizat Azmi, Ahmad Amsyar Azman, Sallehuddin Ibrahim, and Mohd Amri Md Yunus,  
TECHNIQUES IN ADVANCING THE CAPABILITIES OF VARIOUS NITRATE DETECTION METHODS: A REVIEW
258
[54] M. C. Hofmann, F. Kensy, J. Büchs, W. Mokwa, and U. Schnakenberg, “Transponder-
based sensor for monitoring electrical properties of biological cell solutions,” J. Biosci. Bioeng., 
vol. 100, no. 2, pp. 172–177, 2005. 
[55] S. Lakkis, R. Younes, Y. Alayli, and M. Sawan, “Review of recent trends in gas sensing 
technologies and their miniaturization potential,” Sens. Rev., vol. 34, no. 1, pp. 24–35, 2014. 
[56] M. R. Mahmoudian, Y. Alias, W. J. Basirun, P. Mengwoi, F. J. Sheini, and M. 
Sookhakian, “A sensitive electrochemical nitrate sensor based on polypyrrole coated palladium 
nanoclusters,” J. Electroanal. Chem., vol. 751, pp. 30–36, 2015. 
[57] M. Sohail, R. D. Marco, K. Lamb, and E. Bakker, “Thin layer coulometric determination 
of nitrate in fresh waters,” Anal. Chim. Acta, vol. 744, pp. 39–44, 2012. 
[58] L. Yu, Q. Zhang, Q. Xu, D. Jin, G. Jin, K. Li, and X. Hu, “Electrochemical detection of 
nitrate in PM 2.5 with a copper-modified carbon fi ber micro-disk electrode,” Talanta, vol. 143, 
pp. 245–253, 2015. 
[59] T. Madasamy, M. Pandiaraj, and M. Balamurugan, “Biosensors and Bioelectronics 
Copper , zinc superoxide dismutase and nitrate reductase coimmobilized bienzymatic biosensor 
for the simultaneous determination of nitrite and nitrate,” Biosens. Bioelectron., vol. 52, no. 3, 
pp. 209–215, 2014. 
[60] P. Ciosek and W. Wróblewski, “Potentiometric Electronic Tongues for Foodstuff and 
Biosample Recognition—An Overview,” Sensors, vol. 11, no. 12, pp. 4688–4701, 2011. 
[61] B. Paczosa-bator, L. Cabaj, M. Raś, B. Baś, and R. Piech, “Potentiometric Sensor 
Platform Based on a Carbon Black Modified Electrodes,” Int. J. Electrochem. Sci., vol. 9, pp. 
2816–2823, 2014. 
[62] Z. Chang, Y. Zhu, L. Zhang, and S. Du, “Measurement Experiment and Mathematical 
Model of Nitrate Ion Selective Electrode,” in Third International Conference on Instrumentation, 
Measurement, Computer, Communication and Control, 2013, pp. 48–52. 
[63] L. T. Duarte, C. Jutten, and S. Moussaoui, “A Bayesian Nonlinear Source Separation 
Method for Smart Ion-Selective Electrode Arrays,” IEEE Sens. J., vol. 9, no. 12, pp. 1763–1771, 
2009. 
[64] E. Santos, M. C. B. S. M. Montenegro, C. Couto, A. N. Araújo, M. F. Pimentel, and V. L. 
D. Silva, “Sequential injection analysis of chloride and nitrate in waters with improved accuracy 
using potentiometric detection,” Talanta, vol. 63, no. 3, pp. 721–727, 2004. 
INTERNATIONAL JOURNAL ON SMART SENSING AND INTELLIGENT SYSTEMS VOL. 10, NO. 2, JUNE  2017 
259
[65] E. Lindner and B. D. Pendley, “A tutorial on the application of ion-selective electrode 
potentiometry: An analytical method with unique qualities, unexplored opportunities and 
potential pitfalls; Tutorial,” Anal. Chim. Acta, vol. 762, pp. 1–13, 2013. 
[66] A. M. Stortini, L. M. Moretto, A. Mardegan, M. Ongaro, and P. Ugo, “Arrays of copper 
nanowire electrodes: Preparation, characterization and application as nitrate sensor,” Sensors 
Actuators B Chem., vol. 207, pp. 186–192, 2015. 
[67] T. Öznülüer, B. Özdurak, and H. Öztürk Doğan, “Electrochemical reduction of nitrate on 
graphene modified copper electrodes in alkaline media,” J. Electroanal. Chem., vol. 699, pp. 1–5, 
2013. 
[68] I. S. da Silva, W. R. de Araujo, T. R. L. C. Paixão, and L. Angnes, “Direct nitrate sensing 
in water using an array of copper-microelectrodes from flat flexible cables,” Sensors Actuators B 
Chem., vol. 188, pp. 94–98, 2013. 
[69] K. Soropogui, M. Sigaud, and O. Vittori, “Alert Electrodes for Continuous Monitoring of 
Nitrate Ions in Natural Water,” Electroanalysis, vol. 18, no. 23, pp. 2354–2360, 2006. 
[70] M. J. A. Shiddiky, M. S. Won, and Y. B. Shim, “Simultaneous analysis of nitrate and 
nitrite in a microfluidic device with a Cu-complex-modified electrode,” Electrophoresis, vol. 27, 
no. 22, pp. 4545–4554, 2006. 
[71] T. R. L. C. Paixão, J. L. Cardoso, and M. Bertotti, “Determination of nitrate in mineral 
water and sausage samples by using a renewable in situ copper modified electrode,” Talanta, vol. 
71, no. 1, pp. 186–191, 2007. 
[72] W. Ren, S. Mura, and J. M. K. Irudayaraj, “Modified graphene oxide sensors for ultra-
sensitive detection of nitrate ions in water,” Talanta, vol. 143, pp. 234–239, 2015. 
[73] W. Xuejiang, S. V. Dzyadevych, J. M. Chovelon, N. Jaffrezic, C. Ling, X. Siqing, and Z. 
Jianfu, “Conductometric nitrate biosensor based on methyl viologen / Nafion ® / nitrate 
reductase interdigitated electrodes,” vol. 69, pp. 450–455, 2006. 
[74] Z. Zhang, S. Xia, D. Leonard, N. Jaffrezic-Renault, J. Zhang, F. Bessueille, Y. Goepfert, 
X. Wang, L. Chen, Z. Zhu, J. Zhao, M. G. Almeida, and C. M. Silveira, “A novel nitrite 
biosensor based on conductometric electrode modified with cytochrome c nitrite reductase 
composite membrane.,” Biosens. Bioelectron., vol. 24, no. 6, pp. 1574–9, 2009. 
Aizat Azmi, Ahmad Amsyar Azman, Sallehuddin Ibrahim, and Mohd Amri Md Yunus,  
TECHNIQUES IN ADVANCING THE CAPABILITIES OF VARIOUS NITRATE DETECTION METHODS: A REVIEW
260
[75] D. Kirstein, L. Kirstein, F. Scheller, H. Borcherding, and J. Ronnenberg, “Amperometric 
nitrate biosensors on the basis of Pseudomonas stutzeri nitrate reductase,” J. Electroanal. Chem., 
vol. 474, pp. 43–51, 1999. 
[76] M. A. M. Yunus, V. Kasturi, S. C. Mukhopadhyay, and G. Sen Gupta, “Sheep Skin 
Property Estimation Using a Low-Cost Planar Sensor,” no. May, pp. 5–7, 2009. 
[77] C. Doyle, S. Campus, and C. Kerry, “A Cost-Effective and Accurate Electrical Impedance 
Measurement Circuit Design for Sensors,” Int. J. Sens. Intell. Syst., vol. 9, no. 2, pp. 509–525, 
2016. 
[78] A. Larbi, B. Djedou, L. Bennacer, and B. M. Salah, “Towards a New Gas Sensor 
Microsystem Using Electroactive Polymers Thin Films,” Int. J. Sens. Intell. Syst., vol. 2, no. 3, 
pp. 448–462, 2009. 
[79] R. H. Bari, S. B. Patil, and A. R. Bari, “Synthesis , Characterization and Gas Sensing 
Performance Of Sol-Gel Prepared Nanocrystalline Sno 2 Thin Films,” Int. J. Sens. Intell. Syst., 
vol. 7, no. 2, pp. 610–629, 2014. 
INTERNATIONAL JOURNAL ON SMART SENSING AND INTELLIGENT SYSTEMS VOL. 10, NO. 2, JUNE  2017 
261
